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outcome measures such as allograft function, allograft survival, comorbidities, and therapy. 16 We have previously demonstrated the feasibility of the NanoString system with routine FFPE transplantation pathology samples in renal and cardiac allograft biopsies. [17] [18] [19] Cynomolgus renal allograft models using bone marrow transplantation (BMT, mixed chimerism), used extensively for the evaluation of novel transplantation protocols, [20] [21] [22] [23] [24] employ no immunosuppression 1 month postinduction, thereby allowing such renal allografts to represent the natural history of untreated allograft rejection postinduction.
These animals have protocol and indication kidney specimens, for which residual archived FFPE tissue remains.
The goal of the current study is to use FFPE Cynomolgus renal allograft specimens to identify additional variation in endothelial and NK gene expression with chronic antibody (CAMR) and T cell-mediated (TCMR) rejections.
| METHODS

| Gene-set
The gene-set includes 67 oligonucleotides, which are specific to the previously described probes specific to the Macaca fascicularis transcriptome and was manufactured by Integrated DNA Technologies (Coralville, IA). 17 The gene-set includes a previously described gene-set comprising endothelial, NK cell, and inflammation-related genes, 17 plus additional transplantation immunology-associated genes, and 4 housekeeping genes. Only one B cell gene is present,
MS4A1 (CD20). No genes for alternate macrophage activation are
present. This gene-set is derived from informative genes in human renal allograft rejection 25 (Table S1 ). spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Gene expression was then quantified using the nCounter Elements assay (NanoString Technologies, Seattle, WA) with the FFPE tissuederived RNA isolates. 17, 19 Quality control assessment and normalization were performed with nSolver Analysis Software version 3.0 (NanoString Technologies). The manufacturer-recommended default parameters for quality control flagging were used. Each sample was first normalized to the geometric mean of the positive controls (with default flagging of normalization factors <0.3 and >3), followed by normalization to the geometric mean of the housekeeping genes (with default flagging of normalization factors <0.1 and >10).
| Gene expression analysis and RNA isolation
Three
| Animals
Seventy-six animals underwent 1 of 2 protocols, in which induction medications were used with BMT at day 0 (standard protocol) or delayed at about 4 months (delayed protocol). Induction cyclosporine was stopped at 1 month post BMT. [20] [21] [22] [23] [24] Control animals did not receive BMT. The data set includes 76 animals with 1 to 11 biopsies over a time period of 0 to 5983 days posttransplantation (n = 278). 
| Alloantibodies
Alloantibodies were identified by indirect flow cytometry on donor T and B cells and scored as nominal data as either positive or negative. 
| Pathology
Renal biopsies or autopsied nephrectomies (N = 278) from 76 animals were scored and interpreted using Banff criteria, 26 including Banff 
| Statistical analyses
All analyses and graphical figures were performed using JMP Pro, version 13 software (SAS, Cary, NC) with default parameters.
Programs used were the Fit Model Platform Standard Least Squares 
| RESULTS
Individual specimens were partitioned into 5 basic diagnostic groups for gene validation (NORMAL, NPR, TCMR, CAMR, and MIXED). Table S2 shows the number in each group, the distributions of creatinines, and times posttransplant for animals.
Some endothelial genes were validated in a prior report.
19
Validation of the complete gene-set for Banff criteria is in the Supplementary Methods, Text, Data, and Tables S3 and S4 . best partitioned with TCMR.
The CAMR group (Table 1) Most of the other endothelial genes show variable and weak expression, see bottom panel ( Figure 1C ). Also included in this latter group are RPS6, RPS6KB, and SELE (data not shown).
Because CAMR invariably includes some interstitial inflammation, we tested whether endothelial gene expression varied with inflammation within CAMR stages. CAMR and MIXED rejection were analyzed within the stages of CAMR and MIXED rejection. SELE and RPS6KB1 showed low estimates with little variation. KLF4 and MALL were higher in CAMR and PALMD was higher in Stage 3. Other endothelial genes (PLA1A, PLAT, RPS6, RHOJ, SOX7, TEK, and THBD)
showed inconsistent variation with CAMR stage and inflammation. T Table 2 ). Factor analysis was used to reduce the dataset into a smaller number of correlated variables. [28] [29] [30] [31] Table 2 (Table S2) , also showed low estimates. Pairwise estimates with adjusted FDPV showed that clusters A and B had higher CD3 expression above the normal group. Data are not shown for the normal cluster and clusters A and B.
The most informative clusters, C-H, and their statistically significant estimates appear in Table 2 . Cluster C (N = 25), composed of just CAMR (Table S2) and 27), both composed of just TCMR (Table S2) , both show high levels of TCMR-associated RNA expression with low levels of endothelial expression. Clusters G and H show differential expression of B3GAT1 (CD57) and FCGR3A. B3GAT1 is high in cluster G and low in cluster H, whereas FCGR3A is low in cluster G and high in cluster H. Cluster G has higher estimates of CD3 and interferon-inducible genes. Table 3 
| DISCUSSION
This report supports the utility of Nanostring RNA expression using a set of known informative genes to analyze retrospectively archival renal allograft specimens from Cynomolgus monkeys using the consistent quality and quantity of RNA derived even from small archival biopsies.
These findings demonstrate that RNA expression profiling readily identifies both the informative RNA transcripts relevant to the diagno- Overall, these findings identify additional heterogeneity within CAMR, MIXED, and TCMR rejections, which may be partitioned into additional diagnostic groups by RNA expression and provide additional diagnostic information unavailable solely with just pathological review.
